The traditional approach to the problem of stress concentrations around cutouts in composite structures is to locally increase the laminate thickness in order to smooth out the stress peak. Often, this practice attracts more loads to the cutout region besides increasing part weight. A more effective solution is to avoid the stress concentrations altogether by using fibre-steered laminates. The production of composites in this format is practical nowadays due to capabilities of advanced fibre-placement technology.
I. Introduction
During the past couple of decades the aerospace industry has witnessed the settlement of automated processes for the manufacturing of composite parts. These improve part quality and repeatability and lead to the reduction of labour costs. One of these processes, the Automated Fibre Placement (AFP), offers the capability of steering individual fibre-tows over the planform of a laminate panel. The potential of AFP led to the birth of a new branch of research in laminated composite materials that take advantage of the increased design flexibility. [1] [2] [3] [4] [5] [6] The increased freedom of design also increases the complexity and requires novel approaches to many common problems in composite laminates engineering.
Several different approaches have been attempted to adequately model and predict the response of curvilinear-fibre laminates (e.g. [1] [2] [3] ). The motivation in each case was that by spatially varying the fibre orientations within a ply it could be possible to improve the performance of a laminate. A simple method of modelling complete tow paths was developed in the research started by Gürdal and Olmedo. [4] [5] [6] The original idea was that the response of fibre-reinforced laminates could be significantly altered by allowing the fibre orientation angle to vary spatially throughout the structure. Due to the variation of stiffness properties throughout the laminate plane, these structures were termed variable-stiffness panels.
Previous analytical investigations 4-7 predicted significant advantages offered by variable-stiffness panels in terms stiffness and buckling loads. Experimental research [8] [9] [10] [11] demonstrated the superiority of these designs concerning stiffness and buckling response as well as strength. The improvements were attributed to the redistribution of the applied in-plane loads to the stiff support regions in order to avoid buckling in the critical central panel sections. Furthermore, it was found that the residual thermal stresses due to the laminate curing cycle can have a significant positive effect on the buckling response of variable-stiffness panels. 9 Numerical investigations in which thermal stresses were taken into account 9, 12, 13 achieved good correlation between simulated and experimental results.
The knowledge about the fibre-steered configurations that lead to the highest ultimate loads is still rather limited. Furthermore, the full details about the mechanisms that lead to failure of variable-stiffness panels are not known yet, particularly the influence of local effects resulting from the manufacturing of these composites. The objective of this paper is to characterise the elastic response envelope of fibre-steered panels under compression. This means evaluating the boundaries of the behaviour of variable-stiffness panels under edge shortening, in the elastic regime up to the onset of damage, which eventually occurs in postbuckling. This task involves the evaluation of the response characteristics of variable-stiffness panels, for all possible combinations of the fibre orientations, concerning first-ply failure in the postbuckling regime. Furthermore, the influence of a central circular hole on these responses is predicted. To achieve these purposes, numerical analyses are carried out using the commercial finite element (FE) package ABAQUS.
14 The onset of damage in the laminates is evaluated using stress-interactive, physically-based first-ply failure criteria which identify the failure mechanisms. As a first approach, only 'ideal' variable-stiffness configurations are analysed.
II. Laminate Definitions
The work on variable-stiffness panels led by Gürdal 4-6 resulted in the formulation of a tow steered ply definition with a minimum number of parameters. It is assumed that the fibre angle of the reference fibre path varies linearly from the value T 0 at the centre of the panel to T 1 at a specified distance d, as illustrated in Figure 1 . This distance is often taken as a characteristic dimension of the panel. In the case of rectangular laminates this is generally half of the panel width in the direction along which the linear variation takes place. Therefore, the orientation of a single curvilinear fibre path can be denoted using < T 0 |T 1 >. Since a ply is made of fibres oriented similarly to the reference fibre path, the description of the reference fibre path will also serve to describe the ply. A "±" sign in front of this term means that there are two adjacent layers with equal and opposite T 0 and T 1 angles.
A more general fibre path definition can be achieved by rotating the axis of fibre orientation by an angle φ from the geometric axis of the panel. This rotation angle defines a new fibre orientation variation axis denoted by x . The fibre path defined by φ < T 0 |T 1 > varies linearly along the x direction, rotated from the x-axis by φ, from T 0 at the centre to T 1 at the characteristic dimension of the panel. A "±" sign in front of the rotation angle means that the reference fibre paths for two successive layers are rotated equal and opposite amounts. A smooth reference curve, illustrated by the dashed line in Figure 1 , is constructed starting at the origin (x 0 , y 0 ). In general, the origin of variation is located at the centre of the plate. The reference curve is assumed to be anti-symmetric about the origin of variation. The function which defines the fibre orientation can be determined in terms of φ, T 0 , T 1 and x :
For the remaining domain, the fibre orientation angle is repeated indefinitely with period 2d so that θ(x ) is periodic and continuous. Thus the variation of the fibre orientation angle follows a linear saw-tooth pattern with limits T 0 and T 1 .
In order to construct the remainder of the ply, Gürdal and Olmedo 4-6 suggested shifting the reference path in a direction perpendicular to its axis of fibre orientation variation (y direction, in the present case). That is, the fibre direction is assumed to vary only in one spatial direction. With this method they claimed increases of up to 50% in the axial stiffness and up to 80% in the critical buckling load of variable-stiffness panels when compared to traditional straight-fibre laminates. The reason for these remarkable results was attributed to the load redistribution from the centre of the panels to the higher-stiffened edge regions. The best results were found for the designs where the fibre orientation, θ varied in a direction perpendicular to the direction of the applied load. 
III. Failure Response
Gürdal at al. 7, 13 investigated the stiffness and buckling response characteristics of 'ideal' variable-stiffness panel configurations with linearly varying fibre orientations, by carrying parametric studies over the whole range of possible angles T 0 and T 1 . The present investigation follows the same procedure used by Gürdal at al. 7, 13 However, the goal here is to determine the first-ply failure response characteristics of panels with holes in the postbuckling regime. Here, residual thermal stress, eigenvalue extraction and nonlinear postbuckling, and failure calculations are carried out using the commercial FE package ABAQUS.
14 Within the framework of the parametric studies presented in this section, the finite width of the towcourse, i.e the course of the AFP machine head pass, is not considered. Instead, in a simplified approach, each course is considered to have an infinitesimal width, or the width of a single fibre. This means that there is a continuous shifting of the reference path in the direction perpendicular to the fibre orientation variation instead of a discrete shifting as imposed by a finite width tow-course. In this 'ideal' design, the fibre paths do not have a constant distance between them, and appear to converge and diverge from one another. Such a fibre path variation can only be possible if the fiber volume fraction of the laminate changes. However, since the AFP machines that are used to build panels of the type studied here have finite width machine heads with a fixed number of fiber tows, the fibre paths are parallel within a given course. These issues will not be addressed in this paper.
A set of physically-based criteria, developed at the NASA -Langley Research Centre (LaRC), is used for the analysis of first-ply failure behaviour of constant and variable-stiffness composite panels in the postbuckling regime. 15 The LaRC failure criteria 16, 17 are implemented in a special-purpose FORTRAN subroutine UVARM to obtain User defined VARiables at FE Material points, and to predict the main failure modes of fibrereinforced plastics: longitudinal tension (fibre breakage), longitudinal compression (fibre kinking), transverse tension (matrix cracking perpendicular to the plane of the ply), and transverse compression (matrix cracking at an angle from the perpendicular to the plane of the ply). The LaRC failure criteria take into account the in-situ effect characterised by higher transverse tensile and shear strengths of a ply when it is constrained by plies with different fibre orientations in a laminate, as compared with the strength of the same ply in a unidirectional laminate. 18 The UVARM subroutine is run at every load increment along the prebuckling and postbuckling regimes for every integration point of the FE model, postprocessing the stress field components and calculating the values of the LaRC failure indices. A refined step-wise load incrementation ensures an accurate capture of the load level at which the first failure criterion is met. This point corresponds to the onset of damage in the laminate. Further load incrementation would cause a degraded stiffness response, eventually leading to final collapse. This non-linear progressive damage behaviour is not analysed in this paper.
A. Panel Set-Up
The analyses are performed on simply supported 24-ply composite panels under uniform edge shortening, v(x, b/2) = v 0 , as depicted in Figure 2 . Two panel geometries are considered: (i) a flat square panel and (ii) a square panel with a central hole. Both cases are similar except for the central circular hole with a diameter equal to one third of the panel width. For the purpose of this study, the panel can be treated in a non-dimensional form in the x − y plane. The transverse edges are free to expand in the x direction. The fibre orientation, θ, is a function of the x-coordinate only (θ = θ(x), φ = 0
• ). The laminate adopts the general form [± < T 0 |T 1 >] 6s . This set-up is different from the one adopted in previous works by Gürdal at al., 7, 13 where the loading was applied along the x-axis and the fibre orientation varied with the y-axis. Hence, in Gürdal's work 7, 13 the whole panel was rotated by 90
• , and the configuration was of the form [90± < T 0 |T 1 >] 6s . Following Gürdal at al., 7, 13 the results presented here are in non-dimensional form in order to simplify the comparison between straight-fibre and variable-stiffness laminates. Furthermore, the results are based on the lamina properties of AS4/9773 carbon-epoxy material presented in Table 1 . The nominal layer thickness, t, is 0.2mm and the nominal laminate thickness, t l , is 4.8mm. Ply strengths [MPa]:
FE calculations are performed discretely at each 5
• for each T 0 and T 1 in the 0 • − 90 • range. The FE models make use of quadrilateral shell elements of reduced integration (S4R) with a typical edge length of 1/30 of the panel characteristic dimension. For fibre-steered laminates, each element of the FE model is associated with a particular lay-up, as opposed to straight-fibre formats were the same lay-up applies to the entire mesh. The local stacking sequence is calculated based on the centroid of each element, i.e. in practical terms the fibre orientation variation is discrete. Between each two neighbouring elements, the maximum fibre angle difference is 6
• . The residual thermal stresses are taken into account by defining a thermal step with ∆T = −137.5
• prior to the application of the mechanical loading. In the loading case represented in Figure 2 , the transverse stress resultant, N x , and the in-plane shear resultant, N xy , are zero over the entire panel, and it expands uniformly in the x direction leaving the transverse edges straight. However, unlike a traditional straight-fibre laminate, the variation of the u displacement is not linear along the x direction but it depends on the variation of the in-plane stiffness terms along this coordinate. 7 One of the most important consequences of the present configuration (v(x, b/2) = v 0 and θ = θ(x)) is a favourable stress resultant along the load direction, as will be shown.
B. Results
The LaRC first-ply failure criteria 16, 17 is used here to study the first-ply failure characteristics of the panels illustrated in Figure 2 , eventually occurring in the nonlinear postbuckling regime. In order to generate the nonlinear solutions along the loading path, a linear eigenvalue extraction analysis is initially performed and the first two buckling modes are calculated. Then, the FE model is re-defined with the buckling modes introduced as initial imperfections with small amplitudes as compared to the panel thickness (typically 5%). Finally, geometrically nonlinear solutions are determined for loads up to first-ply failure, as predicted by the LaRC failure criteria. The Riks path following method is used to find accurate solutions even if the structure shows negative stiffness due to the eventual postbuckling collapsing behaviour.
Although uniform edge displacements are used for loading the panels, the following results of the buckling analyses are compared to the straight-fibre format panels by using the axial stress resultant N y corresponding to the first-ply failure load, N f pf . As N y = N y (x), in order to describe the failure load in terms of the axial stress resultant, an average failure load is defined as:
The overall panel stiffness modulus is also function of the x-coordinate, E y = E y (x). Similarly to N y , for a laminate with small angle T 0 and a larger angle T 1 , E y is larger at x = ±a/2 than at x = 0. In order to compare the panel stiffness modulus to the constant-stiffness value of straight fibre panels, the overall stiffness, E eq y , is defined by:
The normalised first-ply failure stress resultants normalised by b 2 /(E 1 t 3 l ), N * f pf , as function of the overall normalised panel axial stiffness, E eq y /E 1 , for flat and cutout panels, are plotted in Figure 3 . The thick lines in the graphs correspond to straight-fibre designs. The families of curves have now substantially different shapes than those seen earlier, indicating that the mechanisms that trigger buckling and failure are different. Under compressive loads, not only the laminate longitudinal stiffness but also the transverse stiffness terms play an important role in the resistance to buckling. Therefore, unidirectional laminates, and those that are close to such configuration, are poor designs in terms of critical loads. On the other hand, the better the alignment of fibres with the loading, the stronger is the laminate because of the great disparity between longitudinal and transverse or shear strengths. However, Figure 3 shows that for the variable-stiffness format, the most promising designs in resisting first-ply failure roughly coincide with the best configurations in resisting buckling.
The maximum normalised value of the failure load is 3.51, both for flat and cutout panels, obtained for the configuration [± < 0|80 >] 6s . A very close value (3.38) is obtained for the optimum design for buckling resistance, corresponding to the [± < 0|75 >] 6s laminate. The differences between these two configurations are 5
• in fibre angle T 1 , and overall axial stiffness of 0.24 versus 0.20. On the other hand, for constantstiffness panels, the best configuration for failure resistance is the [±80] 6s (E eq y /E 1 =0.66) laminate, with a normalised failure load of 2.92, which is quite different from the best straight-fibre panel for buckling resistance, the [±45] 6s laminate (E eq y /E 1 =0.11), with a normalised failure load of 1.60. This corresponds only to a 20% improvement in the first-ply failure load when comparing constant and variable-stiffness configurations, a value much lower than the 162% improvement in the critical buckling load of panels with a central hole. Furthermore, the overall axial stiffness of the best fibre-steered panel in terms of failure load is about 64% lower than the best straight-fibre panel. However, for most values of E eq y , there are many variable-stiffness configurations that have a failure load greater than the corresponding straight-fibre configuration. Additionally, for a given value of N f pf , there is only one, two or at most three configurations with straight fibres but many with steered fibres. This provides an added advantage in the design process by allowing more freedom to tailor the stiffness, buckling load and failure load of the structure simultaneously. 
).
The normalised failure load, for the cutout variable-stiffness panels as a function of the fibre orientation angles T 0 and T 1 is plotted in Figure 4 . Typically, for the best results, variable-stiffness panels need a low T 0 and a high T 1 , similarly to the buckling case. On the opposite side of the scale are the configurations with high T 0 and a low T 1 . The variation in results is as high as 600%. In the specific cases of constantstiffness panels, the best results are obtained for fibre orientation angles above 60
• . For fibre orientation angles between 35
• and 55
• , the failure load of constant-stiffness panels is reduced. This is also evident from the depression in the curve corresponding to these configurations in Figure 3 .b. This dip in the N f pf field corresponds to panels that fail (prematurely) due to stress concentrations around the hole edge. The failure response curve for the straight-fibre flat panel version, shown Figure 3 .a, lacks such a depression. The most promising variable-stiffness panels in terms of buckling and failure under pure compressive loads do not fail by the hole edge. On the other hand, the constant-stiffness panels that perform better in terms of buckling loads end up by failing by the hole edge. Actually, with exception from a small range of fibre orientation angles around 30
• , all straight-fibre panels typically with θ < 60 • fail at this location. The reason for the superior performance of variable-stiffness panels in terms of failure load, as compared to the straight-fibre counterparts, is a favourable distribution of the applied load across the panel height as a function of the x-coordinate. The configurations for which the value of N f pf is high are characterised by small values of the fiber orientation angle at the panel centreline (x = 0) and large values at the edges x = ±a/2. The local axial stiffness of the regions of the panel is high at locations where the fibre orientation is closer to 90
• . As a result, most of the applied load introduced via uniform edge shortening is carried by the highly stiff regions of the panel located near their simply-supported edges. The introduction of the central hole does not greatly disturb the stress field and does not create stress concentrations higher than the ones forming near the panel transverse edges. Due to the favourable fibre alignment, at these locations the load is mostly supported along the local longitudinal directions. This architecture leads to strong laminates since the longitudinal strength of plies is much higher than their transverse strength.
IV. Conclusions
Fibre-steered panels offer significant performance improvements in terms of first-ply failure loads. This is due to a favourable redistribution of the applied loads towards the supported panel edges resulting in an unloading of its central section. This effect can so pronounced that it is possible to design fibre-steered panels that are insensitive to central cutouts. This is one of the major advantages of tow-steered designs in comparison with traditional designs. There are clear benefits in tow-steered designs in terms of nominal panel strength. These improvements are due to the load redistribution towards the panel supported edges and a favourable fibre alignment at these locations such that the load is mostly supported along the local longitudinal direction.
